The leukaemia cells HL60, incubated in 10 mM/ml ALA (5-aminolevulinic) for 4 hours, were carried an experimental research with fluorescent probes in photodynamic therapy (PDT) based on ALA by using PDT reaction room (The average fluence rate of the 412 nm source was 5 mW/cm 2 ). Cells viability were determined using a Cell Counting Kit-8 (CCK-8) assay, and PpIX Photobleaching of subcellular distributed sites of HL60 cells in vitro were investigated by fluorescence spectra acquired during treatment. The results showed that the fluorescence intensity of mitochondria, lysosomes, endoplasmic reticulum had decreased by 81.5%, 52.3% and 21.0%, respectively, compared with their initial values after a 45-minute light treatment. The rate of PpIX photobleaching in mitochondria was significantly higher than others. Additionally, the change of the activity of HL60 cells was basically characterized by the change fluorescence intensity in mitochondria, which suggest that mitochondria is one of main therapeutic targets of photodynamic therapy.
INTRODUCTION
Photodynamic therapy (PDT) is a relatively new treatment modality, which combines the selective accumulation of a photosensitizing drug with visible light of wavelengths within the absorption spectra of the photosensitizer to achieve the inactivation of cancerous tumors [1] .
In the past several decades, there has been tremendous interest in 5-aminolevulinic acid (ALA) based on PDT [2] [3] [4] . With the development of the basic research of photodynamic therapy (PDT) and a wide range of potential clinical applications have be carried out, photosensitizer photobleaching and its mechanism are not only increasingly important to photodynamic therapy dosimetry, but also to further clinical applications. Photosensitizer photobleaching and the fluorescence monitoring of photoproducts have become a highly focused area of research within PDT dosimetry in recent years [5] [6] [7] [8] . It has been demonstrated that photobleaching can be used to monitor the processes of Photodynamic Therapy: the dose of singlet oxygen can be well predicted by the dosimetric photobleaching kinetics of photosensitizer in a photosensitizing system [9] [10] [11] . Furthermore, photosensitizer photobleaching provided a reliable method to estimate the inactivation efficacy of singlet oxygen on target tissues during treatment comprehensively, it is therefore inextricably linked with the effectiveness of PDT [12, 13] . The monitoring of photosensitizer photobleaching fluorescence measurement is expected to become a real-time "implicit" dosimetry method [14] [15] [16] [17] . Therefore, it is of great significance to study the phenomenon of photosensitizer photobleaching for future clinical applications as well as the mechanism of PDT.
In this paper, the fluorescent probe labeling techniques were adopted to investigate the change fluorescence intensity of PpIX in the major subcellular structures quantitatively during treatment. The inactivation effects of leukemic HL60 cells in vitro based on ALA-PDT and the photobleaching characteristics of subcellular distributed sites of HL60 cell in PDT were also discussed.
EXPERIMENTAL

Materials
HL60 cells were supplied by the Laboratory Animal Center of Sun Yat-sen University (China). The fluorescent probe for mitochondria: rhodamine123, the red fluorescent probe for lysosomes: Lyso-Tracker Red, the fluorescent probe for endoplasmic reticulum: DIOC6, 5-aminolevulinic acid (ALA) and phosphate buffered saline (PBS) were purchased from Sigma (USA). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo (Japan). RPMI medium 1640 and foetal calf serum (FCS) were obtained from Gibco BRL. All chemicals were of the highest purity commercially available. The tock solutions were prepared in serum free medium immediately before taken into the experiments.
These apparatus, incuding F-4500 Fluorescence Spectrophotometer (Hitachi, Japan), UV-2550 UV-visible Spectrophotometer (Hitachi, Japan), NIR256 Fiber Optic Spectrometers (Ocean Optics, USA), DG5031 ELISA Reader (Huadong, China), HH.CP-TW80 CO 2 Incubator, XDS-1A Inverted Microscope, PDT light reaction chamber, 96-well culture plates, cell counting board and so on were used in the experiments.
Methods
HL60 human leukemia cells were grown in RPMI medium 1640 supplemented with 10% fetal bovine serum, then incubated at 37˚C in a humidified atmosphere containing 5% CO 2 . All experiments were performed using exponentially growing HL60 cells. Cell concentration was determined using a cell count board and the cell density was then adjusted to the required concentration.
The viability of HL60 cells after treatment was assessed using CCK-8 (Cell Counting Kit-8), which is based on the amount of highly water-soluble formazan dye produced by viable cells [18] . The number of surviving cells is directly proportional to the absorbance of formazan. Cell suspension (100 μl) was seeded onto a 96-well plate and incubated with 20 μl CCK-8 solution at 37˚C in a humidified 5% CO 2 atmosphere. Besides, appropriate volume of cell culture medium was added to ensure that the final volume of samples was 200 μl. After 4h incubation, the absorbance at 450 nm was determined using the DG5031 ELISA Reader. The relative viability was determined by comparison with untreated cells.
Data are presented as means ± S.D. (standard deviation) from at least three independent experiments. Statistical analyses were performed using the SPSS11.5 statistical software, results were considered to be significant when the corrected P-value was less than 0.05, indicated as P < 0.05 in the figures.
RESULTS AND DISCUSSION
Spectral Analysis
ALA itself is not a photosensitizer, however it represents a approach in which a photosensitizer precursor naturally occurring in the heme biosynthesis pathway is administered, and the photosensitizer PpIX is subsequently synthesized in living cells. The absorption spectrum of PpIX was measured by UV-2550 UV-visible Spectrophotometer (Hitachi, Japan). As shown in Figure 1 , the absorption peaks of PpIX is located at 412 nm, which indicated that the most sensitive wavelength of PpIX to light irradiation is at around 412 nm. Therefore, in order to enhance the efficiency of PDT, an in-house built lamp with many high-power light-emitting diodes (LEDs), emitting light in the region 400 -450 nm and with a peak at 412 nm as shown in Figure 2 , was taken as light sources in the experiments. The fluence rate at the position of the sample was 5 mW/cm 2 as measured with a photodiode.
Inactivation of Leukemic HL60 Cells in Vitro Based on ALA-PDT
The inactivation of HL60 base on ALA-PDT irradiated by 412 nm light was taken to provide experimental data reference for PpIX photobleaching of subcellular distributed sites in HL60 at the macro. According to our previous investigations, it has been noted that therapeutics are extremely effective under these parameters (the density of HL60 cells is 1 × 10 6 /ml, the cells incubation time is 4 hours, the concentration of ALA is 10 mM/ml, the average fluence rate of the 412 nm source is 5 mW/cm 2 , and the dose of irradiation was 18 J/cm 2 ), which are consistent with the literatures reports [19] [20] [21] . Firstly, the density of 1 × 10 6 /ml of HL60 cells suspension was added the concentration of 10 mM/ml ALA. Light exposure was performed immediately after incubation for 4 h in the dark. Finally, cell survival was assessed by CCK-8.
of ALA and light irradiation that resulted in outcome of PDT.
The inactivation efficiency is calculated by the formula as follows:
According to the above formula, the PDT efficiency of HL60 was achieved at 92% under the combination of ALA and 412 nm light irradiation.
PpIX Photobleaching of Subcellular Distributed Sites in HL60 during PDT
Firstly, the fluorescent probe liquors, including Rhodamine 123 at a final concentration of 1 μM/ml, the LysoTracker Red at a final concentration of 75 nM/ml, DIOC6 at a final concentration of 2 μg/ml, were prepared before the experiments.
These experiments were repeated five times independently in the same conditions, the OD (optical density) values of the five samples were measured by using the DG5031 ELISA Reader. The OD values obtained from the cells after light treatment (expressed by OD R ) were normalized by these before light irradiation (expressed by OD w ). The relative survival rate of HL60 cells under various conditions (indicated by S), namely:
HL60 cells washed with PBS were seeded into 15 wells of 96-well plates at a density of approximately 1 × 10 6 cells per ml, Afterwards, The solution of ALA with a known concentration (10 mM/ml) were added to the 15 wells. Light exposure was carried out immediately after incubating for 4 hours. Owe to the viability of HL60 cell is only 8% after 60 minutes light treatment, three samples were removed from 96-well culture plates on 0 min, 15 min, 30 min, 45 min, 60 min, respectively. Cell culture medium was removed and the prepared fluorescent probes liquor of mitochondria, lysosomes, endoplasmic reticulum were added to the three samples respectively. After pre-incubated for 15 minutes in the dark, the working solution of the three samples was removed and added fresh cell culture medium. Subsequently, the fluorescence spectra of these samples were performed using F-4500 fluorescence spectrophotometer. The excitation light from the fluorescence spectrophotometer was of low intensity (less than 1 mW/cm 2 ) and did not induce any significant photobleaching of PpIX.
The experimental data are presented in Table 1 . According to Table 1 , the influence of 412 nm light irradiation on the survival of HL60 cells also as shown in Figure 3 .
The A-NI group and NA-I group were compared with NA-NI groups, respectively, It is observed that neither the alone addition of ALA or light irradiation has an obviously impact on the activity of HL60 cells. However, a significantly greater decrease in the survivability of HL60 cell can be found after light treatment for 1h in the presence of ALA when AI group compared with A-NI group or the NA-I group. Apparently, the decreased survivability of HL60 cells is not due to the addition of ALA or light irradiation alone, but because of the combination As can be seen from Figure 4 that the fluorescence intensity of organelles did not change significantly when exposed to light without ALA, and the values of fluorescence intensity of subcellulars remain flat. Meanwhile, the emission wavelength and the excitation wavelength of the three fluorescent probes did not overlap with each other, so the reliability of measurement was guaranteed. The variation of the fluorescence intensity in mitochondria under 412 nm light irradiation was determined by F-4500 Fluorescence Spectrophoto-meter as shown below (Fluorescence of mitochondria was excited at 480 nm).
OPEN ACCESS
The variation of the fluorescence intensity in Lysosomes under 412 nm light irradiation as shown below (Fluorescence of lysosomes was excited at 577 nm).
The variation of fluorescence intensity in endoplasmic reticulum under 412 nm light irradiation as shown below (Fluorescence of endoplasmic reticulum was excited at 500 nm).
All the amplitudes of the above fluorescence spectra obtained from subcellulars are normalized to the initial (pre-irradiation) amplitude prior to averaging. According to Figure 5(b) , the fluorescence intensity of mitochondria has decreased exponentially during light exposure. From 15 minutes to 45 minutes, the rate of decrease in fluorescence intensity of mitochondria is the fastest, suggesting that the majority of the inactivation of photosensitizer to mitochondria is occurring focus on this time. After 60 minutes, the fluorescence intensity of mitochondria has decreased by 95% compared with its initial value. As shown in Figure 6(b) , the fluorescence intensity of lysosomes decreases slowly at the first 15 minutes, After 15 minutes, the average decline rate is approximately 13% every 15 minutes which is similar to the linear decline. To reach 60 minutes, the fluorescence in- tensity of lysosomes plunges rapidly to less than 1% of its initial value. As shown in Figure 7(b) , the change of the fluorescence intensity in endoplasmic reticulum is even more slowly compared with that in mitochondria and lysosomes. It is found that the fluorescence intensity in endoplasmic reticulum only decrease by 21% after 45 minutes light treatment. However, the fluorescence intensity begins to decline sharply after 45 minutes, the situation is similar to the changes of the fluorescence intensity in lysosomes during the last 15minutes. This phenomenon can be explained by the fact that the activity of the intracellular organelles have decreased to apoptosis caused by the necrosis of most of HL60 cell in a short time when irradiated reaches 60 minutes, resulting in the fluorescence intensity in the endoplasmic reticulum and lysosomes are decreased significantly. Furthermore, after irradiation with 412 nm for 60 minutes, the fluorescence intensity of mitochondrial have de- creased by 95%, which is relatively closely to the inactivation rate of HL60 cells is achieved at 92%. It is suggested that the viability of HL60 cells are basically characterized by the change of the fluorescence intensity in mitochondria, this conclusion is in agreement with the studies done by J. C. Kennedy et al., who have found that mitochondria phototoxicity is a primary cause of cell death [4] . During light exposure, the generated endogenous PpIX will transition from the ground state to the excited state and produce photosensitizing effects with the singlet oxygen. The highly toxic singlet oxygen has a short lifetime (50 ns to 250 ns) in biological systems [22] , besides fluorescence intensity is directly proportional to concentration, indicating the decreased fluorescence intensity of organelle reflects the fact the photosensitizer concentration of organelle in the cells have decreased [23, 24] . Another aspect is also reflected that the level of photosensitive and self-sensitized photosensitive reaction in the organelles of HL60. Moreover, the number of reactive oxygen in photosensitive reaction can be confirmed in turn. Since both photobleaching and cell photoinactivation are dependent on singlet oxygen generation, the rate of PpIX photobleaching can be used to estimate the singlet oxygen yield and the expected therapeutic efficiency.
Possible Mechanism of PpIX
Photobleaching Based on ALA-PDT It has been demonstrated that the photodynamic effects based on ALA is mainly mediated by type II reactions generating singlet oxygen [25] . Regardless of complexity, it is apparent that there are several key photochemical reactions have been involved during photodynamic therapy which could be explained as follows:
The photophysical processes are initiated by the absorption of a photon from the ground state photosensitizer molecule (S 0 ), creating to an excited state molecule (S * ). Afterwards, the singlet state photosensitizer (S * ) with an extremely short lifetime will transform into a relatively long lifetime triplet state (S T ) immediately through intersystem crossing. The excited photosensitizer then reacts with the ground state oxygen ( 3 O 2 ) to produce singlet oxygen ( 1 O 2 ). On the one hand, the generated singlet oxygen reacts with the photosensitizer in ground state to produce substances without photosensitizing activity, the phenomenon as described above is known as photobleaching. On the other hand, it reacts with the biological macromolecules to damage the target tissue, or to generate free radicals and other highly active substances. As can be seen from the above reactions, photosensitizer photobleaching is a chain reactions accompanied through photosensitization processes. Due to the processes of ALA induced Protoporphyrin IX photobleaching exhibited a complex series of photophysical and photochemical reactions and the bleaching kinetics are much more complicated [26, 27] . Therefore, further investigations are required to evaluate the Protoporphyrin IX Photobleaching based on ALA-PDT by the means of combining experiments and theoretical analysis.
CONCLUSION
In this work, we have investigated the PpIX photobleaching of subcellular distributed sites in leukemic HL60 cells during PDT under 412 nm light irradiation in vitro and demonstrated that monitoring photosensitiser photobleaching is appropriate candidate for estimating PDT dose during treatment. The results showed that photodynamic effects may lead to different amounts of singlet oxygen produced in the subcellular structures, by which the varying degrees of photobleaching is caused. Irradiated by 412 nm light for 45 minutes, the fluorescence intensity of mitochondria, lysosomes, endoplasmic reticulum have decreased corresponding to: 81.5%, 52.3%, 21.0%, respectively. For HL60 cells, the photobleaching levels of subcellular structures are: mitochondria > lysosomes > endoplasmic reticulum. The rate of PpIX photobleaching in mitochondrial region is found to be significantly faster than others. The activity of the HL60 cells is also largely characterized by the change of the fluorescence intensity in mitochondria. These results indicate that mitochondria are the major sites of photodynamic reaction.
